Uric acid homeostasis in the body is mediated by a number of SLC and ABC transporters in the kidney and intestine, including several multispecific 'drug' transporters (e.g., OAT1, OAT3, and ABCG2). Optimization of uric acid levels can be viewed as a 'systems biology' problem. Here, we consider uric acid transporters from a systems physiology perspective using the framework of the 'Remote Sensing and Signaling Hypothesis.' This hypothesis explains how SLC and ABC 'drug' and other transporters mediate interorgan and interorganismal communication (e.g., gut microbiome and host) via small molecules (e.g., metabolites, antioxidants signaling molecules) through transporters expressed in tissues lining body fluid compartments (e.g., blood, urine, cerebrospinal fluid).
INTRODUCTION
Although serum uric acid seems to function as a major antioxidant in the body and is thought to exert protective effects at normal levels; at higher levels, uric acid is detrimental, acting as a prooxidant and activator of inflammatory pathways [1] [2] [3] 4 & ]. Elevated serum uric acid is associated with the risk of gout and uric acid stones across patient populations [5, 6] . Moreover, it is also associated with major related comorbidities including, chronic kidney disease (CKD), cardiovascular disease, hypertension, diabetes, and metabolic syndrome [2,4 & ,7,8] . Thus, a J-shaped association between serum uric acid and all-cause mortality among patients with CKD [9] , and a J-shaped association with the risk of CKD, has been shown [10] .
How serum uric acid exerts detrimental effects on organs such as the kidney or heart has yet to be fully elucidated. In the broader context, uric acid is considered a 'uremic toxin'; uric acid and other uremic toxins such as indoxyl sulfate increase with declining renal function [11] [12] [13] [14] . These substances also accumulate within cells and may be directly cytotoxic to cells, including those of the proximal tubule of the kidney which are the main cells involved in urate elimination from the plasma to the urine [6] . Until recently, the bulk of attention regarding uric acid homeostasis has been on the role of renal uric acid transporters, but there is growing attention with regards to intestinal transporters, particularly in the setting of renal dysfunction [6, 15, 16] . Many of these are multispecific SLC and ABC 'drug' transporters as well as their close relatives that have more limited substrate selectivities [11, 17, 18] .
Thus, uric acid homeostasis can be aptly viewed through the lens of systems biology in order to understand the larger picture. Purine metabolism by enzymes in the liver and elsewhere results in the formation of uric acid, whereas SLC and ABC transporters in the kidney and intestine (as well as other barrier epithelia of the body) maintain normal levels of this antioxidant/prooxidant organic anion through the regulation of cellular influx and efflux. In the setting of hyperuricemia, damage to the kidney, urinary tract, joints, vessels, and other tissues occurs, presumed in part to be the result of uric acid being taken up into some of these tissues by the transporters that regulate uric acid homeostasis [4 & , 5, 6, 11] . Thus, the relatively tight regulation of plasma uric acid can be viewed as an optimization problem -one of hundreds, if not thousands, of such problems the body faces with respect to transported small organic molecules in settings of health and disease. Optimization of uric acid is particularly interesting from this point of view because most of the key genes have been identified. The question is this: How do combinations of multispecific 'drug' transporters (e.g., OAT1, OAT3, ABCG2, MRP2, and MRP4) work together with much more selective uric acid transporters (e.g., URAT1, SLC2A9) -differentially expressed in multiple organs -to maintain plasma, tissue, and nonplasma body fluid levels of uric acid at an optimal level? Here, we attempt to integrate recent findings into a systems physiology view under the framework of the remote sensing and signaling hypothesis regarding inter-organ and inter-organismal (e.g., gut microbiome-host) crosstalk involving organic anions transported by SLC and ABC transporters [11,17,18,19 & ,20] . Applying the remote sensing and signaling framework to the problem of uric acid homeostasis should help with understanding the systems pathophysiology of hyperuricemia and even suggest new therapeutic approaches.
MECHANISMS OF URIC ACID HANDLING AND THE 'REMOTE SENSING AND SIGNALING HYPOTHESIS'
Over the past 2 decades, in the area of uric acid homeostasis, there has been a remarkable convergence of data from human Mendelian genetic disease, genome-wide association studies (GWAS), analyses of knockout mice, and in-vitro assays of cells engineered to overexpress cloned urate transporters. Together, these studies provide a detailed in-vivo and in-vitro portrait of how SLC and ABC uric acid transporters, many of which are better known as multispecific 'drug' transporters, involved in absorption, distribution, and elimination of common organic anion drugs, work along with liver enzymes involved in purine metabolism, to regulate uric acid levels [11,18,19 & ,21] . Although many of these uric acid transporters are most highly expressed in the kidney, where they function in urate handling by the proximal tubule resulting in net renal excretion (Fig. 1) , they are also expressed in extrarenal tissues, such as the intestine [22] [23] [24] . In the setting of renal disease, intestinal excretion of urate appears to become important for maintaining uric acid levels, suggesting some sort of mechanism for remote communication between the failing kidney and intestine with respect to uric acid homeostasis (Fig. 2) [15, 25] .
Indeed, much of the current data on the role of renal and extrarenal urate transporters in maintaining uric acid homeostasis seems compatible with the
KEY POINTS
Uric acid levels are regulated by a large number of SLC and ABC transporters in the kidney and intestine. These include multispecific 'drug' transporters like OAT1, OAT3, and ABCG2 as well as more selective uric acid transporters like SLC2A9, URAT1 and OAT4.
The problem of optimization of uric acid levels can be approached through 'systems biology'. We consider the problem using the framework of the 'remote sensing and signaling hypothesis'.
The remote sensing and signaling hypothesis is a general theory of how SLC and ABC 'drug' and other transporters optimize levels of metabolites and signaling molecules via transporter-mediated interorgan and interorganismal communication. These regulated processes lead to appropriate levels of metabolites, signaling molecules, and antioxidants in tissues and body fluid compartments (e.g., blood, urine, and CSF). The theory predicts a key role for SLC and ABC 'drug' and other transporters in restoring homeostasis after injury to an organ (e.g., CKD).
In the absence of renal disease, SLC2A9-as well as OAT1 and OAT3-seem to be the main regulators of urate transport in the proximal tubule, whereas ABCG2 seems to be the key intestinal transporter. When CKD sets in, intestinal uric acid handling, largely mediated by ABCG2, gains in importance.
Although the molecular mechanism for this remote organ communication involving uric acid transporters between the injured kidney and the intestine is not well understood, the evidence so far is consistent with the remote sensing and signaling hypothesis.
remote sensing and signaling hypothesis regarding the systems biology of SLC and ABC multispecific 'drug' and other transporters. This hypothesis proposes that these SLC and ABC transporters, which are expressed in different tissues lining distinct body fluid compartments (including blood, urine, bile, CSF, and amniotic fluid), play an essential role in regulating interorgan and interorganismal (e.g., gut microbiome-host) communication by transporting key small molecule metabolites and signaling molecules throughout the body (Fig. 3) [11,17,18, 19 & ,21] . The remote sensing and signaling system is thus envisioned to be a communication network of small molecules with high informational content (from the perspective of the organism's need to maintain local and systemic homeostasis), regulated by multispecific SLC and ABC transporters in different body tissues and thereby function similarly to the neuroendocrine system, with which it is functionally intertwined. The potential contribution of the gut-microbiome and gut flora dysbiosis can be considered through the lens of transporter-mediated interorganismal communication in health and disease.
Before we further discuss uric acid disorders in the context of perturbed remote sensing and signaling via SLC and ABC transporters, it is worthwhile to examine the main transporters involved in uric acid homeostasis (Table 1) .
SLC2A9
In recent years, there has, as a result of GWAS studies, been a tendency to think of SLC2A9 (encodes GLUT9) as a urate transporter, but it is also important to remember that it was initially identified as a fructose transporter and has high sequence homology to other sugar transporters of the SLC2 family [26] [27] [28] [29] [30] . Polymorphisms in SLC2A9 may account for up to 5% of uric acid variation in healthy populations [30] .
ABCG2
The ABC transporters are transmembrane proteins found in nearly all tissues and are dependent upon adenosine triphosphate hydrolysis for the efflux of a variety of molecules or substrates, including organic and inorganic anions, amino acids, and metals [18, 23, 31] . ABCG2, also known as the breast cancer-resistant protein, was identified as a transporter of drugs [32] . The role of intestinal secretion of uric acid has been recently reviewed [24] . Transporters and other proteins found at both the basolateral membrane and apical membrane of the renal proximal tubule are involved in transporting uric acid across the cell to regulate its level in the plasma. OAT1 and OAT3 are believed to represent the major multispecific influx transporters, moving uric acid from the blood and into the proximal tubule cell. Transporters found on the apical surface are involved in moving uric acid from the cell and into the lumen of the proximal tubule, whereas others are involved in the reabsorption of uric acid from the lumen back into the cell where it can be transported back into the blood across the basolateral membrane, depending on the needs of the body. These include both SLC and ABC transporters.
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Unlike most of the transporters discussed here, which largely mediate renal tubular influx and efflux of uric acid, ABCG2 is highly expressed in intestinal tissue [22] where it excretes up to one third of all uric acid and is thus thought to be the main extrarenal site of uric acid elimination [24, 33] . In addition, ABCG2 knockout mice have lower intestinal excretion and higher levels of serum uric acid [34] , whereas a common ABCG2 variant, Q141K (rs2231142), is associated with an increase of uric acid levels among European and East Asian populations [23, 35, 36] . Additionally, ABCG2 dysfunction may also account for much of early onset gout [37] .
Thus, ABCG2 in conjunction with SLC renal transporters, maintain uric acid homeostasis. In mice with a 5/6th nephrectomy, the expression of intestinal ABCG2 increased and serum uric acid levels remained stable [25] . In keeping with the idea of remote communication (remote sensing and signaling) between organs in the setting of injury (possibly via substrates transported by transporters in distinct organs), the role of intestinal excretion of uric acid may be essential in the setting of renal failure. Consistent with this view, human single nucleotide polymorphisms (SNPs) in ABCG2 become more important in the setting of renal disease [15] .
URAT1 (RST)
Many SLC uric acid transporters are organic anion transporters from the SLC22 family, first described in 1997 when it was noticed that the prototypical organic anion transporter OAT1 (SLC22A6, Intestine Organism 2 Same Species (e.g., female-male) FIGURE 3. Remote sensing and signaling via SLC and ABC transporters: Relevance to understanding uric acid homeostasis in health and disease. As detailed in the text, multispecific 'drug' transporters (and their close relatives) form a small molecule (e.g., metabolites, signaling molecules, and gut microbiome products) communication network involving many transporter-expressing tissues which works in parallel with other regulatory systems to maintain homeostasis. According to the remote sensing and signaling hypothesis, this transporter-mediated remote communication network has a complex organization and emergent properties, particularly after a perturbation such as renal injury. The remote sensing and signaling hypothesis encompasses interorgan communication (e.g., gut-liverkidney; red arrows) as well as interorganismal communication (e.g., gut microbiome-host; blue arrows). This involves potentially regulated transporter-mediated movement of metabolites, signaling molecules, nutrients, antioxidants, and gut microbiome products between tissues and body compartments. Here, we use this systems biology framework to analyze the role of uric acid transportermediated interorgan (e.g., kidney, intestine) and interorganismal (gut microbiome-host) communication in uric acid homeostasis in health and disease. Following [11, [17] [18] [19] [20] . originally identified as NKT in mouse) was related to two other transporters, NLT (SLC22A7) and OCT1 (SLC22A1) [38] . The family now has about 30 members, including organic anion transporters (the largest group), organic cation transporters, and organic zwitterion/carnitine transporters. Many of the OAT group of the family have some ability to transport urate. URAT1 (SLC22A12) was initially described in mouse as Rst [39] . The name URAT1, as well as considerable human genetic data from Mendelian diseases as well as GWAS and other association studies, has sometimes created the impression that URAT1 is a monospecific urate transporter. The gene has been found to be mutated in certain Japanese patients with hypouricemia and exercise-induced uric acid stones [40] . It is important to remember, however, that URAT1 is a member of the OAT major clade of the SLC22 family and closely related to OAT1, OAT3, and OAT6 [41] . Although much more limited in specificity than OAT1 and OAT3, and with a strong preference for urate, URAT1 nonetheless binds a few molecules other than urate. Recent metabolic reconstructions of the pathways affected by URAT1, based on metabolomics and transcriptomics data from the URAT1 (Rst) knockout mouse, suggest a broader role for URAT1 in metabolism than usually appreciated [42] . When URAT1 (Rst) is knocked out in mice, urate handling is affected [42, 43] . Even so, this effect was not as great as might have been expected for the major renal urate transporter; thus, at the time the knockout was published, it was predicted that other transporters might be equally or more important in urate handling [43] . Subsequently, SLC2A9 and ABCG2 were discovered to be major urate transporters. In whites and African-Americans with renal disease and hyperuricemia, URAT1 is one of the few genes discussed in this review that do not appear to significantly contribute to the hyperuricemia. Although there is no doubt about the role of URAT1 in renal urate handling, SNPs in URAT1 may be more important in certain Asian populations than in whites and African-Americans [15] . This highlights the need, in future studies, to understand the key genes regulating uric acid levels in different ethnicities.
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OAT1 AND OAT3
OAT1 (SLC22A6) and OAT3 (SLC22A8) are, like URAT1 (SLC22A12), members of the OAT major clade of the SLC22 transporter family [19 & ,41]. Indeed, they are among the best known members of this family because, like ABCG2, they are widely regarded as among the major multispecific 'drug' transporters of the body [18] . Highly expressed in the kidney proximal tubule, OAT1 and OAT3 not only transport many common organic anion drugs and classic physiological probes [e.g., beta-lactam antibiotics, NSAIDs, antivirals, methotrexate, paraamino-hippuric acid (PAH)], they also transport many metabolites and signaling molecules, including tricarboxylic acid (TCA) cycle intermediates, gut microbiome products, bile acids, dietary phytochemicals, short chain fatty acids, uremic toxins, and odorants [19 & ,20,44-46] . There is a growing appreciation of the roles of OAT1 and OAT3 in regulating systemic metabolism, particularly anionic organic molecules flowing through the gut-liverkidney axis [19 & ,44] . On the basis of high expression and localization in the basolateral surface of the proximal tubule cell, in-vitro transport assays, and knockout mice, OAT1 and OAT3 are considered to be the main transporters involved in the uptake of uric acid from the blood into the proximal tubule cell [43, [47] [48] [49] . In GWAS studies, however, these OATs (and others such as OAT4 and OAT10), although implicated, do not nearly achieve the levels of significance seen for genes like SLC2A9 and ABCG2 [15] . 
NPT1 AND NPT4
So-called sodium-phosphate transporters (NPT, SLC17 family) actually transport urate and a number of organic anions [50] , a fact underappreciated in the organic anion transporter field. SNPs in NPT1 and NPT4 weakly to moderately correlate with altered uric acid levels [15, [49] [50] [51] .
MRP2 AND MRP4
Multidrug-resistant proteins MRP2 (ABCC2) and MRP4 (ABCC4) are known transporters of PAH and other organic anions. In general, their substrate specificity in the kidney overlaps with OAT1 and OAT3. They are expressed in apical membrane proximal tubules-where they efflux organic anions-and to a lesser extent in the intestine. They are ATP-dependent mediators of uric acid efflux from tubular cells into the lumen [24] , and SNPs in these genes generally have a weak association with high uric acid levels.
PDZK1
PDZK1 is a cytoskeleton-associated protein that helps localize SLC transporters to the apical membrane. Mutations and SNPs in this protein which appear to be important for URAT1 localization to the apical membrane have been associated with hyperuricemia and gout [52, 53] . The urate transporter OAT4 (SLC22A11) is also localized to the apical membrane via PDZK1 [54] .
URATE HANDLING IN THE SETTING OF CHRONIC KIDNEY DISEASE: AN EXAMPLE OF REMOTE SENSING AND SIGNALING TO REOPTIMIZE URIC ACID LEVELS?
From the forgoing discussion, it is clear that many SLC and ABC transporters regulate uric acid levels in humans. In the kidney proximal tubule, multispecific SLC and ABC 'drug' transporters work in parallel (on either the basolateral or apical membrane) or in series (on both the basolateral or apical membranes) to cause net uric acid movement across the cell and to optimize secretion and reabsorption of uric acid. With the recognition of the importance of the intestinal contribution to urate handling via transporters such as ABCG2, a systems physiology picture is emerging that multiple organs 'cooperate' to optimize uric acid levels via transporters in these organs. Moreover, the expression and/or function of these transporters may be regulated by the substrate -the plasma and tissue levels of uric acid [55 & ]. These data, and that described below in the context of CKD, can be framed in terms of the remote sensing and signaling hypothesis.
Although mentioned above, it is worth elaborating here on this hypothesis, which was proposed a decade ago to explain interorgan and interorganismal communication of metabolites and signaling molecules via transporters in tissues lining body fluid compartments and spaces (e.g., gut, liver, kidney, choroid plexus, placenta, and blood-brain barrier) [11, 17, 18, 19 & ,21]. The hypothesis arose when it became clear that OATs and other 'drug' transporters were transporting key metabolites for many biochemical pathways (e.g., TCA cycle intermediates, carnitine), signaling molecules [e.g., prostaglandins, short chain fatty acids, cyclic adenosine monophosphate (cAMP), bile acids], vitamins, and molecules with antioxidant activity [11,18,19 & ,20] . Close relatives of these drug transporters were also found to have high specificity for signaling molecules. For example, OAT6, the closest relative of OAT1 and OAT3, among 30 or so SLC22 transporters, is most highly expressed in the olfactory mucosa and appears to be an odorant transporter [56] [57] [58] . Later, the hypothesis was supported by Oat1 and Oat3 knockout metabolomics, genome-scale metabolic reconstructions from the knockouts, as well as GWAS studies and human mutations in (non-OAT) drug transporters, all of which indicated that a major, if not the major, endogenous role of these multispecific SLC and ABC transporters (e.g., various OATs, MRPs, and ABCG2) was the regulation of systemic as well as local (e.g., proximal tubule cell) metabolism. There was also increasing evidence to support the notion of interorgan crosstalk, as in the case of uric acid, indicating that SLC and ABC 'drug' and other transporters in multiple tissues (e.g., kidney and intestine) were primary determinants of the levels of key molecules and that the dysregulation of transport resulted in pathology.
The role of many of these same transporters in normal and pathologic interorganismal communication (e.g., gut microbiome-host) became evident. For instance, one of the major uremic toxins, indoxyl sulfate, arises as a tryptophan derivative in the gut microbiome that is transported across the intestine, sulfated by phase 2 enzymes in the liver, and in the absence of severe CKD, eliminated via OAT1 and OAT3 in the proximal tubule [59] . As with uric acid, indoxyl sulfate can affect cellular function, in this case by binding the aryl hydrocarbon receptor [60] . Interestingly, recent studies indicate that the gut microbiome 'senses' host uric acid levels, apparently altering the gut flora in response, which in turn has the potential through bacterial enzymes, to alter purine metabolism and thus affect the host [61] [62] [63] . Thus, the framework of the remote sensing and signaling hypothesis seems very appropriate for understanding both the interorgan and interorganismal systems pathobiology of hyperuricemia and the uremic syndrome.
In CKD, renal urate excretory mechanisms are compromised due to loss of renal function. Thus, the transporters discussed above, all expressed in the proximal tubule, are unable to achieve sufficient net urate excretion. This results in hyperuricemia. In this scenario, extrarenal urate excretion becomes more important for maintaining reasonable serum uric acid levels. Of the transporters described above, ABCG2 is also expressed in the intestine. Indeed, there are a number of studies that now suggest this is the major route of intestinal urate excretion in humans [15, 24, 25, 33, 34, 37, [64] [65] [66] .
Moreover, in rats that have undergone 5/6th nephrectomy, not only does renal urate excretion decrease but intestinal expression of ABCG2 increases, suggesting some sort of remote regulation of intestinal urate transport when renal transport is compromised [25] . That this applies to humans is supported by a recent study. In a population of CKD patients with low renal function, polymorphisms in ABCG2 had the strongest association with serum uric acid in patients of European ancestry. Although SLC2A9 polymorphisms were the next most significant associations, the strength of association was over orders of magnitude less. However, in keeping with other GWAS studies [26] [27] [28] [29] [30] , SLC2A9 polymorphisms were most strongly associated with serum uric acid in a healthy comparison patient population.
Taken together with experimental murine data, this is interpreted as indicating that intestinal ABCG2 function becomes particularly important for maintaining uric acid levels in humans with poor renal function; loss of ABCG2 functionality results in a higher uric acid in CKD patients, but not in patients with normal kidney function.
Thus, this appears to be a human example of remote sensing and signaling via SLC and ABC transporters. With normal kidney function, urate is primarily handled by SLC2A9, URAT1, OATs, NPTs, MRPs and, perhaps to some extent, ABCG2 in the proximal tubule. But in the damaged kidney, when these transporters are unable to work in concert to achieve sufficient net urate excretion, some mechanism exists to increase ABCG2-mediated urate extrusion in the intestine. Perturbation of this mechanism, in this case as a result of a SNP in the ABCG2 gene, results in a higher serum uric acid level.
Substrate induction of drug transporters is a well-described phenomenon [67] [68] [69] , and this notion is supported by increased expression of ABCG2 (and PDZK1) in cultured intestinal epithelial cells in the presence of uric acid via a mechanism involving the inflammasome and PI3 kinase [55 & ]. Thus, it is possible that urate directly induces ABCG2 expression. Another possibility is the presence of uremic solutes which accumulate in the setting of declining renal function. These include indoxyl sulfate, p-cresol sulfate, kynurenine, hippurate, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF), polyamines, and many other putative uremic toxins. Although most of these are known OAT substrates, some are likely to enter the intestinal epithelium, where they may affect the expression and/or function of ABCG2, thereby serving as a potential means of remote signaling between the diseased kidney and the relatively normal intestine, serving to help restore perturbed urate levels.
CONCLUSION
The antioxidant versus prooxidant nature of uric acid, and the local and systemic consequences of high uric acid levels, requires uric acid transporters in the kidney and intestine -along with liver enzymes regulating purine metabolism -to function so as to help optimize plasma and tissue levels of uric acid. The remote sensing and signaling hypothesis is a fertile framework for understanding normal uric acid homeostasis and hyperuricemia (in the absence and presence of renal disease). The theory emphasizes the role of SLC and ABC multispecific 'drug' transporters and their close relatives (which are often more selective) in regulating small molecule interorgan (e.g., gut-liver-kidney) and interorganismal (e.g., gut microbiome-host) remote communication in health and disease. In CKD, intestinal transporters that efflux uric acid become much more important for maintaining uric acid levels. The mechanism of remote regulation of intestinal ABCG2 in the setting of decreased renal function may be mediated by a high urate level in intestinal cells, leading to increased ABCG2 expression and/or functionality, although it is possible that uremic toxins or dysbiosis of the gut microbiome also play a role.
